To determine the effects of long-term ,B-adrenergic receptor blockade on adult rats with myocardial infarction, we studied 24 female Sprague-Dawley rats with myocardial infarction induced at 20-22 weeks of age. Two days after surgery, the animals were randomized to receive either propranolol (750 mg/I) in their drinking water or water alone for 5 weeks. Plastic, embedded, longitudinal and cross sections of septum (1 ,jm thick) were prepared for morphometric measurements. In untreated rats, infarction was followed by myocardial hypertrophy, as shown by significant increases in septal area (23%), myocyte length (19%), cross-sectional area (20%), and volume (43%) (pO0.05). In rats with and without infarction, f8-blockade resulted in decreased myocyte dimensions and increased left ventricular cavity dimensions. Propranolol had special effects in rats with infarction, resulting in significant blunting of increased cross-sectional area (15% less, p=0.04) and a greater increase in left ventricular cavity dimensions (38% more, p=0.04). Thus, propranolol blunts myocardial hypertrophy and increases left ventricular cavity dimensions in rats with myocardial infarction. (Circulation 1988;78:369-375) I -Adrenergic receptor blockade has a profound effect on many tissues, including the myocardium, in experimental animals and humans. The beneficial pharmacological effects of these drugs have led to widespread use in treating cardiac and noncardiac conditions. More recent data have confirmed the improved survival rate after myocardial infarction in patients treated with p-blockers. [1] [2] [3] Yet, little is known about the structural changes in the heart related directly to long-term P-blockade. p-Blockers have been reported to partially prevent isoproterenol-induced hypertrophy in rats4 but not in isolated embryonic rat myocytes in culture. 
I -Adrenergic receptor blockade has a profound effect on many tissues, including the myocardium, in experimental animals and humans. The beneficial pharmacological effects of these drugs have led to widespread use in treating cardiac and noncardiac conditions. More recent data have confirmed the improved survival rate after myocardial infarction in patients treated with p-blockers. [1] [2] [3] Yet, little is known about the structural changes in the heart related directly to long-term P-blockade. p-Blockers have been reported to partially prevent isoproterenol-induced hypertrophy in rats4 but not in isolated embryonic rat myocytes in culture. 5 Effects of P-blockade on myocardial hypertrophy in growing, spontaneously hypertensive rats have also been variable.67 The present study, we believe, is the first to report the effects of long-term P-blockade on adult rats with myocardial infarction, a situation more analogous to the most widespread use of long-term ,8-blockade in humans. ful ligation was 50%, with almost all deaths occurring within 24 hours of occlusion.
Treatment
Beginning 2 days after surgery, the animals were randomized to receive either propranolol (Sigma Chemical, St. Louis, Missouri) 750 mg/I in their drinking water or drinking water alone for 5 weeks. In pilot studies involving control rats, we tested the effects of this drug dosage to produce fl-blockade during longterm treatment. A standardized dose-response test of the effects of isoproterenol on heart rate showed the expected competitive antagonist effects of fl-blockade ( Figure 1 ). Water bottles were changed three times each week. Water consumption was monitored throughout the study, and it averaged [15] [16] [17] [18] [19] [20] ml/day for each rat. There was no difference in the water consumption of the propranolol-or drinking watertreated animals. No deaths occurred after treatment randomization of the animals. Fixation Procedure Five weeks after initiating drinking-water treatment, the rats were killed. The rats were placed under ketamine (150 mg/kg) anesthesia, endotracheally intubated, and mechanically ventilated. A catheter was placed in the right carotid artery, the thorax was opened, the descending aorta was clamped, and the heart was arrested with a 2-ml injection of 1 meq/ml KCI. A perfusion of ice-cold fresh saline containing 5,000 units/I heparin was started at a pressure of 100 mm Hg, and the right atrium was cut to allow the drainage of blood and perfusate. After perfusion with cold saline for 2 minutes, the myocardium was perfused for 15 minutes with ice-cold 1.5% glutaraldehyde in 0.1 M cacodylate buffer. The heart was excised, the right The remaining left ventricular slices, including septum, were postfixed in 10% neutral-buffered formalin and processed for light microscopy studies. After processing in graded concentrations of alcohol, clearing in xylene, and embedding in paraffin, 5-gm thick sections were cut from each slice and stained with hematoxylin and eosin.
Determination of Infarct Size and Left Ventricular Dimensions
The complete transverse sections were projected onto a screen at a x 10 magnification, and a planimeter was used to make the following measurements: infarct extent; average length of endocardial circumference of the middle ventricle, determined from the two midventricular slices; the cross-sectional area of the septum obtained as an average of the two midventricular slices; and the average wall thickness of septum in the middle left ventricle. The latter measurement was performed by dividing the septum into three equal parts between its attachments to the right ventricle, by measuring the thickness of each, and by averaging the three measurements. Infarct thickness was measured at three sites directly from the histological sections at the midventricular level, at x20 magnification with a calibrated eyepiece grid. Internal radius, r(i), was calculated from the circumference of the middle ventricle (Cendo) by assuming a spherical model:
Morphometric Measurements
Methods and equations used for morphometric studies have been published previously in detail.9-12 Epon-embedded tissue blocks from the septum were sectioned longitudinally and transversely at a thickness of 1 gm with an LKB Ultratome III (Gaithersburg, Maryland) and were stained with methylene blue and azure 1I (Figure 2 ). Under the light microscope at x 1,000 magnification, the total number of myocyte nuclear profiles in 0.01-mm2 transverse tissue sections (myocytes in cross section) was delineated with an ocular reticle (10 x (Table 1) All rats had similar body weights initially and at the time of killing. However, in rats without infarcts, left ventricular weights at the time of death averaged 13% less in propranolol-treated rats than in controls. Right ventricular weights were similar in these two groups.
Mean infarct size was similar in the two groups of rats with infarcts. Cross-sectional area of septum was greatest in untreated rats with infarcts, being 23% more than in untreated rats without infarcts. Septal area and thickness were greater in propranolol-treated rats with infarcts when compared with rats without infarcts (Figure 3 ). However, in both groups of propranolol-treated rats (with and without infarct), septal area was less than that of both groups of untreated rats. In rats with infarcts, the mean scar thickness in untreated rats was 0.23±+ 0.06 mm and was 0.18±0.03 mm in propranolol-treated rats (p = 0.103). When only the thinnest portion of the scar was considered (minimum scar thickness), the difference in scar thickness became significant (0.20+0.05 vs. 0. 13±0.03, p = 0.025). Left ventricular cavity radius was greatest in propranolol-treated rats with infarcts, being 48% greater than in propranolol-treated rats without infarcts and 38% greater than in untreated rats with infarcts ( Figures 3 and 4) . In untreated rats, cavity radius was 12% greater in rats with infarcts than in rats without infarcts. (Table 2) In sham-operated rats, myocyte volume per nucleus was 10% less in propranolol-treated than in untreated rats ( Figure 5 ). In rats with infarcts, myocyte volume per nucleus was 20% less in propranolol-treated rats. In untreated rats, infarction resulted in 43% increase in myocyte volume per nucleus, while in propranolol-treated rats, infarction resulted in a 25% increase in myocyte volume per nucleus.
Morphometric Measurements of Myocytes
In sham-operated rats, cross-sectional area of myocytes was 6% less in propranolol-treated animals than in untreated animals ( Figure 6 ). In rats with infarcts, cross-sectional area was 15% less in the propranolol-treated group.
In sham-operated rats, myocyte length was 4% less in propranolol-treated rats than in untreated rats. In rats with infarcts, myocyte length was 6% less in the propranolol-treated animals than in the untreated animals. In untreated rats with infarcts, myocyte length was 19% greater than in shamoperated rats. In the propranolol-treated group, myocyte length was 16% greater in rats with infarcts than in those with sham operation.
Two-way analysis of variance indicated that there were several morphometric changes that occurred in rats with infarcts in which propranolol had a special effect; that is, the effects of propranolol However, when the two groups with infarcts were compared, those differences were significant (p<0.01, <0.01, and <0.02, respectively).
Discussion
This study shows that long-term propranolol administration in rats causes significant structural changes in the heart. This is true not only in rats with myocardial infarcts but in sham-operated rats as well. In mature rats without infarcts, there was a trend toward atrophy of myocytes in the propranololtreated animals. In rats with infarcted hearts, propranolol blunted the compensatory hypertrophic response that normally occurs in the myocardium without infarcts.91 1.13 In addition, rats treated with propranolol had an increased left ventricular volume. This was true in rats without infarcts but was present to a much greater extent in the rats with infarcts. Interestingly, two-way analysis of variance indicated that the effects of propranolol were exceptional in the rats with infarcts. That is, propranolol caused greater cavity dilation and greater limitation of myocyte volume in animals with infarcts in comparison with those without infarcts. Myocyte length increased (19% vs. 16%) in both untreated and propranolol-treated rats with infarcts. However, in light of the marked dilation of the hearts of propranolol-treated animals, there appears to be a relative limitation of the myocytes to grow in the longitudinal and transverse directions. Increased myocyte length has been shown to contribute to enlarged chamber volume in dilated hearts. We have shown previously that even in adult rats growth hormone causes cardiac growth with 6 weeks of growth hormone excess, resulting in a 46%
increase in left ventricular mass. '7,18 These data raise several questions worthy of consideration and study. First, how does propranolol limit myocyte volume? The structural changes may all be secondary to decreased contractile function or blood pressure, a type of disuse atrophy. On the other hand, P-receptors may have a direct trophic function and may be necessary for the maintenance of normal cell size and for compensatory hypertrophy of the myocardium under increased work load. Our study does not provide insight into the mechanism of the observed effects of propranolol. Second, how do the observed increases in chamber dimensions and scar thinning come about? It has been shown in this rat model19 that global cardiac remodeling occurs after infarction, which involves both expansion of the infarcted segment and overall change in ventricular shape. Thus, the exaggerated cavity enlargement and scar thinning we observed in propranolol-treated animals could be due to increased expansion of the infarcted zone, greater remodeling of the noninfarcted myocardium, or even a direct effect of propranolol on scar tissue. There is no evidence that propranolol alters the inflammatory response or collagen deposition during healing, so the third possibility seems unlikely. Propranolol depresses cardiac contractility and heart rate. Both effects would tend to increase cardiac volume and wall tension. These pharmacological effects of propranolol could lead to secondary effects on infarcted scar formation as well as residual myocardium. Additional effects on septal thinning by propranolol, in part due to the limitation of myocyte hypertrophy, also could promote dilation. The final shape of the ventricle when dilated would be the net result of all the individual effects. Thus, one cannot unravel the relative contributions of these mechanisms on septal thinning. In any case, it is likely that infarct expansion and ventricular remodeling are related phenomena because the extent ofthese changes correlates with each other and is independent of infarct size and age. 19 Other important questions relate to the clinical implications of these findings if they can indeed be extrapolated from this rat model to humans. 13-Blockers are widely used in patients with myocar-------by guest on January 13, 2018 http://circ.ahajournals.org/ Downloaded from dial infarction because they clearly reduce mortality. [1] [2] [3] How do the structural alterations that we observed coincide with the pharmacological effects of propranolol, and are these changes beneficial or detrimental? One could argue that decreased cell size may have a beneficial effect by limiting contractile function and oxygen demands of the noninfarcted myocardium, an increase in metabolicmechanical efficiency as suggested by Swynghedauw et al. 20 On the other hand, limiting the normal compensatory hypertrophy of the remaining myocardium could have long-term adverse effects on the functional reserve of the heart. This is a difficult question to resolve in humans. Humans with infarcts often have hypertension, arrhythmias, papillary muscle dysfunction, aneurysms, congestive heart failure, and other abnormalities that may be affected by ,l-blockade and that complicate the unraveling of positive versus negative effects of fl-blockade in such patients. For example, in hypertensive patients, the benefit of a reduced wall stress if blood pressure is lowered might offset the detriment of a reduced capacity for hypertrophy.
It is debatable whether limitation of hypertrophy is beneficial or detrimental in patients with myocardial infarction; however, it is difficult to imagine that increased left ventricular cavity volume could be beneficial. Ventricular enlargement is associated with a reduced survival after myocardial infarction. 21 Attenuation of ventricular enlargement may improve prognosis after infarction. 22 We are not aware of any studies that have attempted to determine specifically whether,8f-blockade potentiates ventricular dilation in patients with myocardial infarction. However, a preliminary report of drug treatment after myocardial infarction suggested that cardiac volume increased in a control group of patients, of whom some were receiving 8-blockade. 22 Last, p-blockade is sometimes used to treat noncardiac disorders, such as migraine headaches. 23 This raises concerns about the cardiac changes that may be occurring in normal hearts in such patients and also provides the opportunity to confirm our observations in experimental animals and in humans. This probably could be accomplished by noninvasive serial echocardiographic studies in such patients. Long-term propranolol administration alters myocyte and ventricular geometry in rat
